Primordial black holes(PBHs) can be produced from collapsing cosmic defects such as domain walls and strings. We show how PBHs are produced in monopole-string networks considering two types of monopole-string networks.
Introduction
S.W.Hawking discussed in ref. [1] that cosmic string loops that shrink by a factor of order 1/Gµ will form black holes. 2 In this case, a tiny fraction f ≪ 1 of order (Gµ) 2x−4 loops will form black holes, where x is the ratio of the loop length to the correlation length. 3 The result obtained in ref. [1] is cosmologically important because the emission of γ-rays from little black holes is significant [3] . Numerical simulation of loop fragmentation and evolution is studied later in ref. [4] , where the authors obtained the value of the fraction; f = 10 4.9±0.2 (Gµ) 4.1±0.1 .
(1.1)
Black holes created by this collision are so small that they lose their energy due to the Hawking evaporation process. The fraction of PBHs today in the critical density of the Universe is discussed in ref. [5] , where the authors calculated the black hole remnants and the fraction
where t 0 is the present age of the Universe, and t * is the time when PBHs with initial mass M * ≃ 4.4 × 10 14 g are formed, which is expiring today. m(t, t 0 ) is the present mass of PBHs created at time t. The approximate form of the mass function m(t, t 0 ) is given by m(t, t 0 ) ≃ αµt.
( 1.3)
The extragalactic γ-ray flux observed at 100MeV is commonly known to provide a strong constraint on the population of black holes today. According to ref. [6] , the limit implied by the EGRET experiment is Ω P BH < 10 −9 .
(1.4)
The scaling solution of the conventional string network suggests that the rate of the formation of PBHs is
(1.5)
Using the above results one can obtain an upper bound [5] Gµ < 10 −6 , (1.6) 2 Other possible origins and applications are discussed in ref. [2] . 3 See the first picture in fig.1 .
which is close to the constraint obtained from the normalization of the cosmic string model to the CMB.
Besides the simplest mechanism that we have stated above, it is always important to find a new mechanism for the PBH formation, especially when PBHs produced by a new mechanism have a distinguishable property. In this paper, based on the above arguments, we step forward and consider less simplified networks of hybrid defects. The networks we consider in this paper are;
1. Pairs of monopole-antimonopole that are connected by strings.
2. Tangled network of monopoles and strings where n > 2 strings are attached to each monopole.
We will show how PBHs are formed in the monopole-string networks. There are qualitative and quantitative differences between our new mechanisms and the conventional ones.
2 Monopole-antimonopole connected by a string (1) First, we will consider the simplest toy model. Here we consider a model advocated by Langacker and Pi[7] , in which the Universe goes through a phase transition with the U(1) symmetry of electromagnetism spontaneously broken. The most obvious consequence of this additional phase transition is that during this phase monopoles and antimonopoles are connected by strings, due to the superconductivity of the vacuum. Let us first examine whether PBHs are formed in the original scenario in ref. [7] . The separation between monopoless at the time of the string formation (d(t s )) is bounded by [8] 
where t M is the time when monopoles are produced. Strings are formed later at t s > t M , when charges are confined and monopoles are connected by strings. The total energy of this system is about ∼ µd(t s ). The Schwarzschild radius for this mass is given by
2)
Here we can ignore the frictional forces acting on this system, since they do not alter the above result [8] . In this case, black holes are formed if the Schwarzschild radius is larger than the width of the strings ∼ η −1 ∼ µ −1/2 . The condition for the black hole formation is therefore given by
Obviously, the above condition contradicts eq.(2.1), suggesting that the black hole formation is unlikely in this model.
We therefore consider a less simplified model of monopole-string networks.
3 Monopole-antimonopoles connected by strings (2) A more interesting situation arises in the context of the defect formation during inflation [9] , when monopoles are formed before the end of inflation but are not completely inflated away. 4 Then, strings connecting distant monopole-antimonopole pairs can be formed due to the phase transition that induces confinement, either during or after inflation. In this case, strings connecting monopole-antimonopole pair will be very long, while the correlation length of strings ξ(t) is initially much smaller than the actual monopole separation d. Thus, strings connecting monopoles initially have Brownian shapes, and then, during evolution, ξ grows fast and finally becomes comparable to d.
Black holes are formed when the pairs of monopole-antimonopole come into the horizon at t = t in . In this modified model, d is not bounded above by the bound (2.1) . Before discussing about the collision of the monopoles, we will note here that we are considering PBHs that can survive until late so that they might affect our present Universe.
This means that the separation is large enough (i.e. t in is late enough) so that the pairs can form "heavy" PBHs. In this case, unlike the conventional scenario of the monopoleantimonopole "annihilation", the strings that connect the pairs do not dissipate their energy before collision, since the Schwarzschild radius (R g ) is much larger than the size of the monopoles. One may think that if monopoles have unconfined charges the scattering must be important, and thus, the production of PBHs discussed above is not plausible.
To get a rough understanding of the interactions mediated by a massless gauge boson, it will be helpful to remember a famous result that the cross section for a scattering of relativistic particles with significant momentum is [8] σ ∼ e 2 T 2 ,
where T denotes the typical particle momentum. The important consequence of the above equation is that the cross section is always much larger than the original size of the monopoles (and also larger than the width of the strings) if one is considering scatterings in the thermal plasma, where the temperature of the plasma cannot be higher than the typical mass scale of the defects. On the other hand, in our model, the typical momentum of the monopoles that are about to collide is obviously much larger than the typical mass scales of the monopoles and the strings. Thus, the monopole-antimonopole pairs, which enter into the horizon and then shrinks into the Schwarzschild radius, will rapidly turn into black holes. 5 The PBH production is expected to occur at a short period when monopole-antimonopole pair comes into horizon. Since the resultant number of PBHs is about "one" per patch, and of course its energy is much smaller than the total energy in the patch, it cannot dominate the energy density of the Universe when it is produced.
In this case, the number distribution of the mass of PBHs (dn P BH /dM) has a sharp peak. This characterizes our result, which is similar to the PBH formation after hybrid inflation. On the other hand, there are obvious discrepancy between the two scenarios;
the typical mass and the number density of PBHs are hierarchically small in our model.
Moreover, our result looks quite different from the one obtained in the Hawking's scenario,
where the number distribution is given by
Although the mass distribution of PBHs is similar to the one obtained in hybrid inflation, their typical mass is distinguishable. When one considers hybrid inflation as a 5 It would be important to note that this process is quite similar to the one discussed in the Hawking's original scenario, in which a string loop collapses into a black hole before it dissipates its energy. One may suspect that the rotation of the pair extends their lifetime and they cannot collapse into PBHs. This idea is not true, because friction with the plasma will rapidly damp out the energy related to the string motion in the transverse direction. In our case, the scattering from the string is quite important since we are considering a long string. It quickly damps out the kinetic energy of the transverse motion [8] . As a result, the production probability is expected to be O(1) for heavy (large) PBHs, which cannot become so tiny as the conventional cosmic strings.
mechanism of the PBH formation, one will expect large density contrast δ ∼ 1 that comes into horizon at the time (t = t in ) when PBHs are formed. In this case, the size of the black hole is nearly the same as the size of the horizon, and then, its mass is given by
where the Universe is assumed to be inflated e Nc times after the phase transition. In this case, the mass of PBHs is very large and comparable to the total energy in the horizon. This is the crucial difference that must be noted here.
To show explicitly the difference between our model and the conventional ones, let us evaluate the typical mass (and the size) of PBHs produced in the monopole-string networks. Assume that the Universe is inflated e Nc times after the monopole production.
At the end of inflation, the physical distance between monopoles and antimonopoles that left the horizon is about H −1 I e Nc , where H I is the Hubble constant during inflation. We also assume (for simplicity) that the equation of state becomes p = ρ/3 (ultrarelativistic gas) soon after inflation. Then the scale factor of the Universe after inflation develops as (tH 0 ) 1/2 . Thus, the scale H −1 I e Nc × (tH 0 ) 1/2 becomes comparable to the particle horizon at t in ∼ H −1 I e 2Nc . At this time, the mass of a monopole-antimonopole pair connected by a string is
where µ is the tension of the string. 6 If the energy is still dominated by the oscillations of the inflaton field, the mass is given by
According to ref. [8] , the usual annihilation requires dissipation of the string energy, since the size of the monopoles is much smaller than the width of the strings. In our case, however, the collision occurs before the dissipation. A pair becomes black hole immediately when it comes into the Schwarzschild radius, which is much larger than the string width at least in the parameter region that we are considering in this paper. To be more precise, the Schwarzschild radius R g is larger than the string width η −1 if PBHs have mass larger than M c , which is given by
To obtain PBHs heavier than M c , the distance between monopoles should be longer than d c , which is given by
PBHs that is lighter than M c cannot be produced in our model. Be sure that we are considering PBHs that are so heavy that they may affect (directly or indirectly) the present observation of the Universe. Small PBHs are not important because their energy density is obviously a tiny fraction of the total energy density when they are formed, and also, they will evaporate soon after they are produced. The minimum size of PBHs that can survive today is given by
which has of course the schwarzschild radius that is much larger than the typical size of the monopoles. Thus, even if monopoles have unconfined charges, the scattering is negligible in our model.
In our model, as contrasted to hybrid inflaton, the fraction of matter in the black holes is very small when they are produced. Then the fraction of the energy in black holes grows by a factor of (τ pbh /t in ) 1/2 ∼ η 3 e 2Nc /(
p is the lefetime of a black bole with the mass M pbh , and t in is the formation time of the black holes. Here g * is the effective number of particle species at the time of the black hole evaporation. Then, the fraction of matter in the black holes at the time when they evaporate is given by
8)
This fraction must be much smaller than O(1).
Tangled networks of monopoles and strings
In the previous section we have shown that PBHs are produced in monopole-string system if inflation dilutes monopoles. Then, it is very interesting to consider a more complicated model of tangled monopole-string networks, where monopoles are connected to n > 2 strings. The network is characterized by a single length scale, d(t) ∼ γt [8] .
Here we consider the networks of Z n -strings [9, 10, 11] . The first stage of symmetry breaking occurs at a scale η m , when monopoles are produced. Then the second symmetry breaking produces a string network at a scale η, where the symmetry breaking is given by
The monopole mass and the string tension are approximately given by m ∼ 4πη m /e and µ ∼ η 2 with gauge coupling e. The evolution of the string-monopole network has been studied by Vachaspati and Vilenkin [10] . These authors argued that the networks exhibit scaling behavior
where γ is obtained in ref. [9] . Assuming that radiation of gauge quanta is the dominant energy loss mechanism of the monopole-string networks, the value of γ is given by
In this model, the energy loss mechanism is important in determining the parameter.
In monopole-string networks, with n strings attached to each monopole, the proper acceleration of a monopole should be determined by the vector sum of the tension forces exerted by the n strings, which is given by a ∼ µ/m by order of magnitude. Therefore, considering the result (4.2), we obtained the typical energy of a monopole [9] E m ∼ µd ∼ µγt.
Now it is clear that the monopoles have huge kinetic energy corresponding to the separation distance that grows with time. What we consider in this paper is the collision of such monopoles. In the typical collision of such monopoles, one can therefore expect the black hole formation. 7 In this case, the typical mass of the black hole is 5) which is similar to the result (1.3) that was obtained in the simplest string networks.
Be sure that the networks we are considering in this section is precisely the same as the one considered in ref. [9, 10, 11] , which is different from the conventional string networks.
PBHs are formed if monopoles come closer within the Schwarzschild radius R g ∼ Gµγt.
Let us calculate the number density of PBHs and examine if we can put bounds on the tension of the strings (or on the mass of the monopoles). The number density of the monopoles is given by n m ∼ d −3 . Due to the random motion of the monopoles, the nucleation rate of the black hole is given by
(4.6)
Now it is easy to calculate the number distribution dn P BH /dM. Neglecting the mass loss of the black holes, with the initial mass greater than M * , we obtained the present value of dn P BH /dM by redshifting the distribution [5] . The result is given by
The number distribution of PBHs obtained above looks similar to the one obtained in the Hawking's scenario. However, there is a crucial discrepancy in the formation probability of PBHs, which is usually denoted by "f " in the Hawking's scenario. The value of f is given by eq.(1.1), as is discussed in ref. [3] . The value of f is f ∼ 10 −20 for Gµ ∼ 10 −6 , which is of course quite tiny and characterizes the mechanism. In our case, however, the situation of the PBH formation is qualitatively different from the Hawking's scenario.
PBHs are formed whenever monopoles come closer than their Schwarzschild radius, which is much larger than the size of the monopoles as far as we are considering PBHs of the mass M pbh > M * . Thus, the production probability of the colliding monopoles is f ∼ 1 for heavy PBHs that can survive today, which is much larger than the one obtained in the Hawking's scenario. On the other hand, the nucleation rate of PBHs are not about 10 20
times as large as the conventional value, since there is a small factor in eq.(4.6), which is absent in the conventional scenario.
Comparing our result with (1.5) and using the result obtained in ref. [5] , we obtained the constraint (Gµ) < 10 −10 M * 4.4 × 10 14 g (4.8)
The result obtained here puts a new bound on the tension of the strings. However, the constraint is not important here. What is important in this paper is that we have found novel mechanisms of the PBH formation, which are both qualitatively and quantitatively different from the old ones, and also they can be distinguished from other mechanisms.
Conclusions and discussions
For usual cosmic strings, it is known that only a tiny fraction of string loops can collapse to form black holes. Although the fraction of the production probability is very tiny for conventional strings, this unique mechanism of the PBH formation is very important.
In this paper, we considered two scenarios for the PBH formation in monopole-string networks. The typical mass and the number distributions of PBHs obtained in our model are distictive.
Our first example is a model in which monopoles are weakly inflated away. We found a narrow mass range and obtained M pbh ≃ µ H I e 2Nc . Although our result looks similar to PBHs produced after hybrid inflation, there is a hierarchy in the typical scales of the models. Of course, the difference is due to the qualitative differences between the two mechanisms.
Our second example is a monopole-string network with n > 2 strings attached to each monopole. We examined another mechanism of the PBH formation and found that the number density distribution of PBHs of mass M is proportional to M −2.5 . It is known that there is a similar distribution in conventional string networks. However, in the Hawking's scenario there is always a tiny probability f , which is absent in our model. On the other hand, there is an another small factor in our result. The difference is due to the qualitative differences between the two distictive models, as we have discussed in this paper. It may be important to note that our mechanisms can work in a hidden sector.
In our forthcoming paper [12] , we will consider cosmic necklaces. Cosmic necklaces are important because they are produced [13] after various kinds of brane-motivated inflation [14, 15] and could be used to distinguish the brane models from the conventional one. 8 We wish to thank K.Shima for encouragement, and our colleagues in Tokyo University for their kind hospitality. tionary scenario, which is already discussed by many authors [8] . In this case, monopoles are formed during inflation but are not completely inflated away. Strings are formed by the succeeding phase transition that induces confinement. Strings can either be formed later during inflation or in the post-inflationary epoch. A string that connects a pair is very long. The correlation length of such strings can initially be much smaller than the average monopole separation. Therefore, the strings connecting monopoles have Brownian shapes, as in the cases of the standard string networks. However, during the evolution, the correlation length of the strings grows faster than the monopole separation, due to small loop production, and to the damping force acting on the strings. Finally, the correlation length of the strings becomes comparable to the monopole separation, and thus, one is left with a pair of monopoles connected by more or less straight strings. In this case, the length of the string that connect a pair is determined by the inflationary expansion. We will examine if PBH can be produced in this scenario.
